The majority of mutations that cause isolated GH deficiency type II affect splicing of GH1 transcripts, leading to the production of a dominant-negative GH isoform. Because numerous mutations and polymorphisms throughout the GH1 gene have not yet been tested for aberrant splicing, we used a deletion mutagenesis screen across intron 2-exon 3-intron 3 to identify splicing regulatory sequences. These analyses identified a new enhancer element, ESE2, upstream of the cryptic splice site in exon 3 and further defined a previously described enhancer (ESE1) to include the first seven nucleotides of exon 3. Besides enhancers, the overall size of intron 3 is also crucial for exon inclusion. Given the deleterious effects of the dominant-negative 17.5-kDa isoform, these and previous studies underscore the extent to which splicing regulatory elements serve to prevent exon skipping. Importantly, we show here that small interfering RNAs can be used to specifically degrade exon 3-skipped transcripts, potentially a new avenue of therapeutic intervention in isolated GH deficiency II and other dominant disorders. (Endocrinology 145: 2988 -2996, 2004) S PLICING IS THE process by which introns are removed and exons are joined to generate mature mRNA. It is mediated by the complex interplay of several cis-and transacting factors. In constitutive splicing, the cis-acting elements include the 5Ј splice site, branch point, polypyrimidine tract, and the 3Ј splice site. These are identified and acted on by the RNA and protein components of the macromolecular complex termed the spliceosome (reviewed in Ref. 1). Additional sequences are often needed to help recognize weak splice sites that only loosely conform to consensus sequences. These elements are often composed of purine rich or A/C rich sequences called splicing enhancers (2, 3). They can occur in exons, termed exonic splicing enhancers (ESEs), or in introns, intronic splicing enhancers (ISEs), and are typically recognized by the serine-arginine rich (SR) family of splicing regulators (1, 4, 5).
The majority of mutations that cause isolated GH deficiency type II affect splicing of GH1 transcripts, leading to the production of a dominant-negative GH isoform. Because numerous mutations and polymorphisms throughout the GH1 gene have not yet been tested for aberrant splicing, we used a deletion mutagenesis screen across intron 2-exon 3-intron 3 to identify splicing regulatory sequences. These analyses identified a new enhancer element, ESE2, upstream of the cryptic splice site in exon 3 and further defined a previously described enhancer (ESE1) to include the first seven nucleotides of exon 3. Besides enhancers, the overall size of intron 3 is also crucial for exon inclusion. Given the deleterious effects of the dominant-negative 17.5-kDa isoform, these and previous studies underscore the extent to which splicing regulatory elements serve to prevent exon skipping. Importantly, we show here that small interfering RNAs can be used to specifically degrade exon 3 S PLICING IS THE process by which introns are removed and exons are joined to generate mature mRNA. It is mediated by the complex interplay of several cis-and transacting factors. In constitutive splicing, the cis-acting elements include the 5Ј splice site, branch point, polypyrimidine tract, and the 3Ј splice site. These are identified and acted on by the RNA and protein components of the macromolecular complex termed the spliceosome (reviewed in Ref. 1) . Additional sequences are often needed to help recognize weak splice sites that only loosely conform to consensus sequences. These elements are often composed of purine rich or A/C rich sequences called splicing enhancers (2, 3) . They can occur in exons, termed exonic splicing enhancers (ESEs), or in introns, intronic splicing enhancers (ISEs), and are typically recognized by the serine-arginine rich (SR) family of splicing regulators (1, 4, 5) .
The human GH gene, GH1, is composed of five exons and four introns with fairly weak splice sites across introns 2 and 3 (6) . Removal of all four introns generates the full-length mature transcript, which is translated to produce the 22-kDa GH isoform. However, aberrant splicing of wild-type transcripts can produce minor amounts of smaller GH isoforms (reviewed in Ref. 7) . The two most common aberrantly spliced products involve exon 3. Activation of an in-frame cryptic splice site generates a transcript identical to that of the full-length transcript but missing the first 45 nt of exon 3, producing a 20-kDa isoform. Complete skipping of exon 3 generates transcripts encoding a 17.5-kDa isoform that lacks the protein linker domain between the first two helices of GH and a cysteine residue involved in an internal disulfide bridge (8) . The 17.5-kDa isoform exhibits a dominant-negative effect on secretion of the 22-kDa isoform in both tissue culture cells (9, 10) and transgenic mice (11) . In addition, the 17.5-kDa isoform is retained in the endoplasmic reticulum, disrupts the Golgi apparatus, impairs both GH-releasing hormone and TRH protein trafficking (12) , and partially reduces the stability of the 22-kDa isoform (10) . This likely explains why transgenic mice overexpressing the 17.5-kDa isoform exhibit a defect in the maturation of GH secretory vesicles and anterior pituitary hypoplasia due to loss of the majority of somatotrophs (6, 11) .
Mutations in patients with isolated GH deficiency type (IGHD) II, an autosomal dominant form of GH deficiency (GHD), cause increased levels of exon 3 skipped transcripts encoding the 17.5-kDa isoform. The majority of the known mutations that cause IGHD II are located at the 3Ј and 5Ј splice sites bordering exon 3 (13) (14) (15) (16) (17) (18) (19) (20) . In contrast, a second group of IGHD II mutations that affect splicing of GH1 are located at positions distinct from the canonical splice sites. These include two single base pair substitutions (exon 3 ϩ 5 A3 G, ESEm and IVS3 ϩ 28 G3 A, ISEm1) and a 17-nt deletion in intron 3 (IVS3⌬28 -45, ISEm2). These mutations were found to lie within purine-rich sequences and cause increased levels of exon 3 skipped transcripts (14, 21, 22) , most consistent with the notion that they disrupt splicing enhancer elements (ESE1 at the 5Ј end of exon 3 and an ISE in intron 3) (6, 21, 23) . That splicing of GH1 might require enhancers to aid appropriate recognition of exon 3 is consistent with the finding that splicing of wild-type GH1 normally produces minor amounts of non-full-length transcripts and because the intron 2 and intron 3 splice sites are weak (6, 7) .
Previous work has demonstrated the critical importance of avoiding exon skipping, illustrating that regulation of GH1 splicing is essential to GH secretion and function (6, 9 -12) . In this study, we sought to identify additional cis-acting regulatory elements that control GH1 splicing to facilitate mutation interpretation, generate a clearer model of GH1 splicing regulation, and better understand the pathogenesis of IGHD II. Because numerous variations throughout the GH1 gene have not been tested for their effects on splicing, we screened intron 2-exon 3-intron 3 by generating deletion mutants across these regions to identify splicing regulatory sequences. This analysis led to three discoveries. First, a new splicing enhancer was identified adjacent to the cryptic splice site in exon 3. Second, the overall size of intron 3 is crucial to exon 3 inclusion. Third, we refined and expanded the ESE1 region to include the first seven nucleotides of exon 3. Importantly, we also demonstrate that small interfering RNAs (siRNAs) can be used to specifically degrade exon 3 skipped transcripts and thus provide a potential new avenue of therapeutic intervention in IGHD II and other dominant disorders.
Materials and Methods

Plasmid constructs
Wild-type GH1, ESEm, ISEm1, and ISEm2 were cloned into pXGH5 as previously described (21). Deletion and point mutants were generated from wild-type GH1 by reverse PCR (24) using mismatch primers followed by sequence verification of all constructs. DSX⌬E and DSX-avian sarcoma-leukosis virus (ASLV) were generous gifts from Dr. Brenton R. Graveley. Annealed and phosphorylated DNA primers corresponding to each GH enhancer sequence (see Fig. 4A ) were inserted into DSX⌬E at the BstBI in exon 2 for the doublesex GH constructs. The 17.5-si construct was generated by inserting the annealed and phosphorylated DNA primers (5Ј-GATCCCCCCAGGAGTTTAACCTAGAGTTCAAG-AG-ACTCTAGGTTAAACTCCTGGTTTTTGGAAA-3Ј, 5Ј-AGCTTTTC-CAAAAACCAGGAGTTTAACCTAGAG-TCTCTTGAACTCTAGGTT-AAACTCCTGGGGG-3Ј) into the BglII and HindIII sites in pSuper and pSuper.retro (Oligoengine, Seattle, WA) (25). Transcripts were then transcribed from a histone H1 promoter-generating RNA that folds back upon itself to form a hairpin loop structure that is processed in vivo to double-stranded RNAs (dsRNAs) corresponding to the exon 2-exon 4 junction. The control-si construct was generated using the DNA primers (5Ј-GATCCCCCAGTCGCGTTTGCGACTGGTTCAAGAGACCAGTC-GCAAACGCGACTGTTTTTGGAAA-3Ј and 5Ј-AGCTTTTCCAAAAA-CAGTCGCGTTTGCGACTGGTCTC-TTGAACCAGTCGCAAACGCG-ACTGGGG-3Ј) as above. The GH1 nucleotides are numbered according to the transcription initiation site as ϩ1 for GenBank accession no. J03071.
In vivo GH splicing analysis (GH3 cells)
One thousand nanograms of wild-type or mutant GH1 constructs were transfected into GH3 cells using the Mirus TransIT system (Panvera, Invitrogen Life Technologies, Carlsbad, CA). RNA isolation was performed 48 h post transfection using TRI-Reagent (Molecular Research Center, Cincinnati, OH), treated with DNase I, washed with 75% ethanol, and precipitated. cDNA was synthesized with avian myeloblastosis virus-reverse transcriptase (Promega, Madison, WI) and a human GH-RT2 primer located in the 3Ј-untranslated region (5Ј-GGA-CAAGGCTGGTGGGCACTGG-3Ј). GH1 exons 2-5 were PCR amplified with 32 P-labeled primers (exon 2: 5Ј-CCATCGTCTGCACCAGCT-GGC-3Ј and exon 5: 5Ј-CACAGCTGCCCTCCACAGA-GC-3Ј). PCR products were separated with 6% denaturing PAGE and exposed to phosphor imager analysis.
ESEFinder analysis
The entire GH1 sequence was analyzed using the ESEFinder (release 2.0, available at http:/ /exon.cshl.org/ESE) (26), and the motif score was plotted against GH1 sequence surrounding E3⌬5.
In vitro splicing analysis (cell free)
All doublesex constructs were linearized with Mlu I, capped, and in vitro transcribed with T7 RNA polymerase. Transcripts were incubated for 2 h under splicing conditions in 60% HeLa cell nuclear extract at 30 C. The resulting products were separated on 6% denaturing polyacrylamide gels and exposed to phosphor imager analysis.
In vivo siRNA analysis (GH3 cells)
One thousand nanograms of plasmids expressing either wild-type (wt) GH1 or GH1 enhancer mutants (ESEm and ISEm1) were cotransfected with either 2000 ng of a plasmid expressing the 17.5-si, a random sequence (control-si), or a combination of the two using the Mirus TransIT system (Panvera). RNA was isolated 48 h post transfection using TRI-Reagent (Molecular Research Center), treated with DNase I, washed with 75% ethanol, precipitated, and divided into two pools. RT-PCR was performed on the first pool to analyzed GH1 splicing patterns as described above. For the second pool, first-strand cDNA was generated with an oligo-dT primer and, as a control, actin-specific primers 5Ј-CTTAATGTCACGCACGATTTCC-3Ј and 5Ј-CGTGATGGTGGGCATGGGTCAG-3Ј. The resulting products were analyzed on 6% denaturing polyacrylamide gels and exposed to phosphor imager analysis.
Results
Deletion analysis of GH1 intron 2-exon 3-intron 3
To identify splicing regulatory elements in GH1, mammalian expression constructs were generated containing either the entire wt GH1 sequence or constructs in which small regions of intron 2, exon 3, or intron 3 were deleted. Deletion constructs were designed to avoid regions of known splicing regulatory elements (5Ј splice sites, 3Ј splice sites, putative branch points, and polypyrimidine tracts) as well as the cryptic 3Ј splice site within exon 3. We also maintained the reading frame in all constructs to avoid any effects of nonsense-mediated decay or nonsense-mediated altered splicing (reviewed in Ref. 27). As shown in Fig. 1 , each deletion mutant was named according to the intron/exon name and the deletion number (i.e. the second deletion in intron 3 will be referred to as I3⌬2). Constructs were transiently transfected into rat somatotroph cells (GH3 cells), and total RNA was isolated 48 h post transfection. GH1 splicing patterns were then analyzed for the full-length (FL), cryptic, and skipped isoforms by RT-PCR. All deletion mutants that increased the percent of either the cryptic or skipped isoforms were then analyzed further for possible splicing enhancer activity.
For intron 2, none of the deletion mutants displayed any increase in the percent of the cryptic or skipped isoforms (Fig. 1B) . Within exon 3, two of the deletions (E3⌬1 and E3⌬5) displayed increased amounts of aberrantly spliced isoforms (Fig. 1C) . E3⌬1, a 3-nt deletion immediately downstream of ESE1, exhibited increased levels of both the cryptic and skipped isoforms. In contrast, E3⌬5, a 15-nt deletion upstream of the cryptic splice site in exon 3, increased only the percent of skipped transcripts and showed no increase in cryptic splicing. E3⌬10 occasionally showed marginal increases in skipped transcripts that were inconsistent between experiments, and we have therefore chosen not to explore the E3⌬10 splicing pattern further. The larger deletions in intron 3 (I3⌬1, I3⌬3, and I3⌬4; Fig. 1D ) also displayed increased levels of skipped isoforms, greatest in I3⌬1 and I3⌬4. In sum, deletion analysis of intron 2, exon 3, and intron 3 defined four regions for further analysis: E3⌬1, E3⌬5, I3⌬1, and I3⌬4.
ESE1 consists of the first seven nucleotides in exon 3
ESE1 was originally identified in a family with IGHD II that had an A3 G transition (ESEm) at the fifth nucleotide of exon 3 (21). This mutation is within a (GAA) 2 repeat that resembles the (GAR) N splicing enhancer motif (1, 28). When ESEm was analyzed in vivo for aberrant splicing, increased levels of the cryptic and skipped isoforms were observed ( Fig. 2B and Ref. 21). Subsequent analysis determined that point mutations across the region also led to increased percentages of the cryptic and skipped transcripts (21). Given that E3⌬1 lies immediately 3Ј of what was thought to constitute ESE1 and because the splicing patterns are nearly identical for both mutants, it seems likely that one or more of the nucleotides deleted in E3⌬1 ( Fig. 2A) contributes to the overall splicing activity of ESE1. As such, we mutated each nucleotide within E3⌬1 and analyzed the resulting splicing patterns (Fig. 2B) . The G709T mutation led to increased percentages of both the cryptic and skipped isoforms, similar to E3⌬1 and ESEm. In contrast, C710T and C711T did not increase either the cryptic or skipped isoforms, displaying wt splicing. These results suggest that the sequence of ESE1 consists of the first seven nucleotides in exon 3, 5Ј-GAA-GAAG-3Ј ( Fig. 2A, diagonal box) .
Sequences within E3⌬5 strongly resemble an ESE and contain GHD patient mutations
E3⌬5, a 15-nt deletion, is located 12 nt upstream of the cryptic splice site in exon 3 (Fig. 1A) . Because E3⌬5 increased the percent of skipped transcripts and is purine rich, we hypothesized that it might contain an ESE. To initially address this, we analyzed the sequences within E3⌬5 using ESEFinder (Ref. 26; http:/ /exon.cshl.org/ESE/). ESEFinder is designed to identify SR protein binding sites, generating a motif score that reflects binding site strength. E3⌬5 contains several overlapping SR protein binding sites including sites for SRp40 and SF2/ASF (Fig. 3A) . To determine whether mutations within this region would lead to aberrant splicing, we generated point mutations across E3⌬5 and analyzed their splicing patterns (Fig. 3C) . Each nucleotide was mutated to a pyrimidine whenever possible to increase the likelihood of disrupting purine-rich enhancers. In addition, none of the constructs contained any nonsense codons to avoid any effects of nonsense-mediated decay or nonsense-mediated altered splicing (reviewed in Ref. 27). As shown in Fig.  3C , many of the point mutations from nucleotides 721 to 732 caused aberrant splicing, increasing either the cryptic or skipped isoforms, or both, suggesting that the region deleted in E3⌬5 contains a previously undiscovered ESE.
One of the potential benefits of studying splice site selection in the GH1 gene is the presence of a number of patient mutations that cause GHD. We therefore sought to determine whether any patients with GHD had mutations within E3⌬5. Recently Millar et al. (20) found additional GH1 gene lesions by modulating the clinical selection criteria to include all patients with physical findings suggestive of possible GHD. They identified an individual at the low end of the normal range of stature (Ϫ1.8 sd), reduced height velocity (Ϫ0.9), and delayed bone age who was heterozygous for an A3 G transition at nucleotide 731 (A731G) that results in a 
FIG. 3. Enhancer activity in exon 3. A,
The entire GH1 sequence was analyzed using ESEFinder (26). The sequence (xaxis) immediately surrounding E3⌬5 (underlined) and the motif scores for each sequence beginning at the letter on the x-axis is represented on the y-axis of the bar graph. Position 721 is indicated by a carrot and the K41R mutation (A731G) is indicated by an arrow. B, GH3 cells were transiently transfected with vectors containing wt GH1, a 15-nucleotide deletion in exon 3 (E3⌬5), or the A731G GHD patient mutation. Total RNA was isolated followed by RT-PCR analysis of splicing. PCR products representing the FL isoform, activation of the cryptic splice site (cryptic), or the exon 3 skipped isoform (skipped) are indicated to the left. C, Point mutations generated across E3⌬5 and transiently transfected into GH3 cells, and the resulting splicing products were analyzed by RT-PCR.
lysine to arginine substitution (K41R) (20) . Because this mutation lies within E3⌬5 (Fig. 3A) , we determined the effect of this mutation on GH1 splicing. The A731G point mutation increased the amount of skipped transcripts without any corresponding increase in cryptic splicing (Fig. 3B ). This suggests that aberrant splicing could play a role in this form of GHD and that this region contains a novel ESE in exon 3 that we will refer to as ESE2.
ESE2 activates splicing in a heterologous setting
One hallmark for defining splicing enhancers is the ability of these sequences to activate splicing in heterologous settings. To determine whether ESE2 could activate splicing, we used a construct derived from the D. melanogaster doublesex (dsx) gene whose splicing is enhancer dependent (DSX⌬E, Fig. 4A) (29 -32) . As a positive control, an enhancer from the ASLV was inserted into the downstream exon. To test enhancer activity of GH sequences, a series of constructs were created. These included constructs in which each GH enhancer was inserted in the forward orientation in the downstream exon (DSX-ESE1, DSX-ESE2, and DSX-ISE) or, as a control, in the reverse orientation (DSX-ESE1-rev, DSX-ESE2-rev, and DSX-ISE-rev). In addition, because splicing enhancers often require multiple sequence elements to activate splicing, a multi-GH enhancer was generated containing the ESE1, ESE2, and the ISE elements in the forward orientation (multi-GH), reverse orientation (multi-rev), or a tandem repeat of these elements in the forward orientation (multi-x2). Transcripts from all five constructs were subjected to splicing nuclear extracts (in vitro splicing) and analyzed on 6% denaturing polyacrylamide gels. DSX⌬E exhibited very little activation of splicing, whereas insertion of the ASLV enhancer strongly increased mRNA levels (Fig. 4, B and C) . The GH multi enhancers (multi and multi-x2) activated splicing to a similar degree as the ASLV enhancer, whereas the multi-rev construct was mostly inactive (Fig. 4C) . We conclude that the increase in splicing is attributable to splicing enhancer activity from the GH1 sequences. To determine which of the three GH enhancers contributed to the splicing activation observed with the DSX-multi construct, we ana- Various sequences inserted at the BstBI site in exon 2 (dotted box) are listed below. These include an ASLV enhancer (29), a sequence containing back-to-back copies of ESE1, ISE, and ESE2 called multi-GH, two copies of this same insert (multi-x2), and multi-GH in the reverse orientation (multirev). Transcripts were subjected to in vitro splicing in nuclear extracts for either 0 or 2 h. Spliced products were separated on 6% denaturing polyacrylamide gels (B and D) and the percent of mRNA (spliced products/premRNA*100) was quantified using phosphor imager analysis software (C and E). B, Two copies of each individual component of the multi-GH enhancer were inserted into DSX⌬E and spliced as above (D, E, and data not shown).
lyzed the activation ability of each enhancer sequence by itself. The DSX-ESE1 and DSX-ISE constructs only weakly activated splicing (ϳ1.5-to 2-fold), compared with DSX⌬E and the appropriate reverse construct (data not shown). In contrast, DSX-ESE2 strongly activated splicing (Fig. 4D) , an activation that was not observed with the DSX-ESE2-rev construct. This demonstrates that ESE2 activates splicing in a heterologous setting. It is interesting to note that ESE2 appears to contribute the greatest splicing activation of all three GH enhancers in the DSX-multi construct, suggesting that ESE2 might also regulate the majority of GH1 splicing in cells (in vivo splicing). This is supported by observation that point mutations within ESE2 (Fig. 3C ) cause more aberrant splicing than point mutations in either ESE1 (21) or the ISE (23).
Decreasing the size of intron 3 in GH1 leads to aberrant splicing
Intron 3 of GH1 is 92 nt in length, well above the minimum intron length required for spliceosome assembly and efficient splicing (33-38). We found it intriguing that all of the large deletions in intron 3, ranging in size from 12-to 14-nt, (I3⌬1, I3⌬3, and I3⌬4; Fig. 1D ) showed an increase in the skipped isoform, whereas the smaller 4-nt deletion (I3⌬2; Fig. 1D ) did not, suggesting that decreasing the size of intron 3 might prevent its accurate identification by the spliceosome. We chose I3⌬1 and I3⌬4 for further analysis because they exhibited the greatest amount of exon skipping. To examine the apparent size effect observed in these mutants, we generated nonoverlapping subdeletions within I3⌬1 and I3⌬4. These deletions were 3, 4, or 6 nt in length, a size analogous to the smaller I3⌬2 deletion that did not show any increased exon skipping (Fig. 1D) . The subdeletions are named according to the original deletion and position (i.e. I3⌬1-1 for the first subdeletion within I3⌬1). All of the subdeletions for both I3⌬1 (I3⌬1-1, I3⌬1-2, and I3⌬1-3) and I3⌬4 (I3⌬4 -1, I3⌬4 -2, and I3⌬4 -3) displayed wt splicing patterns (Fig. 5B) , suggesting that decreasing the size of intron 3 by as little as 12 nt caused increased exon 3 skipping. To verify this, constructs were generated in which the same number of nucleotides deleted in I3⌬1 and I3⌬4 were replaced with sequences from the 5Ј end of I2⌬5 to generate I3⌬1-ins and I3⌬4-ins, respectively. We chose the I2⌬5 sequence because deletion of this sequence showed no increase in any of the aberrantly spliced GH isoforms, suggesting that it does not contain any enhancer elements. Inserting this sequence into I3⌬4 completely restored the wt splicing pattern (Fig. 5C) , demonstrating that the aberrant splicing pattern observed with the I3⌬4 mutant was the result of a decrease in overall intron size. Inserting this sequence into I3⌬1 only partially restored splicing (approximately 20% skipped transcripts remain in I3⌬1-ins; Fig. 5C ) showing that the decrease in intron size plays an important role in the aberrant splicing observed in I3⌬1. However, because I3⌬1-ins still demonstrates a small amount of exon skipping, the sequences within I3⌬1 may also play a role in splicing.
Allele-specific siRNA mediated degradation
The presence of multiple enhancers contributing to exon 3 definition and the enhancer-dependent activation of the intron 2 3Ј splice site at the expense of the stronger, nearby cryptic splice site (6) demonstrates that multiple mechanisms have evolved to avoid production of skipped GH1 transcripts, especially those encoding the dominant-negative 17.5-kDa isoform. Because numerous in vivo (6, 11) and in vitro experiments (9, 10, 12) suggest that normal GH secretion depends, in part, on avoiding increased levels of the 17.5-kDa isoform, therapies that specifically target the 17.5-kDa isoform would be useful in patients with IGHD II. To exclusively target skipped transcripts for degradation, we employed a siRNA strategy ( Fig. 6A ; Refs. 39 -42) . We selected the exon 2-exon 4 junction as the siRNA target because it represents the only sequence within GH1 that is unique to transcripts encoding the 17.5-kDa isoform. Plasmids expressing this siRNA (17.5-si) or a random dsRNA sequence (control-si) were cotransfected in conjunction with either wt GH1 or GH1 enhancer mutants (ESEm and ISEm1) that display increased percentages of skipped transcripts. Splicing patterns and actin expression levels were then analyzed by RT-PCR. The 17.5-siRNA construct reduced the percent of skipped transcripts by greater than 95%, whereas having no effect on either the FL or cryptic isoforms (Fig. 6B ). Similar analyses with dsRNA identical to the 17.5-si sequence re- all demonstrated a GH splicing pattern comparable with wt splicing. C, The regions deleted in I3⌬1 and I3⌬4 were replaced with sequences from the 5Ј end of I2⌬5 identical in length to the sequences originally deleted (Fig. 1B) .
sulted in a greater than 90% decrease in the percent of the skipped transcripts without affecting the full-length or cryptic transcripts (data not shown). Thus, siRNAs can specifically degrade transcripts encoding the 17.5-kDa isoform, suggesting that this strategy could be effective in preventing production of the dominant-negative 17.5-kDa GH isoform.
Discussion
Multiple experiments in cultured cell lines and transgenic mice, as well as numerous IGHD II patient mutations, have demonstrated the importance of avoiding increased levels of the dominant-negative 17.5-kDa GH isoform. Because GH1 has several weak splice sites and exhibits small amounts of aberrant splicing even in normal patients, cis-acting splicing regulatory elements are essential to maintain full-length splicing of GH1. In this study, we localized and defined the cis-acting elements that regulate exon 3 inclusion. To this end, intron 2, exon 3, and intron 3 were screened for splicing enhancer activity by generating deletion mutants across these regions. This analysis resulted in three new discoveries regarding GH1 splicing regulation. First, a new splicing enhancer, ESE2, was identified, exhibiting the strongest splicing activity of all three enhancers. Second, the overall size of intron 3 is crucial to exon 3 inclusion. Third, ESE1 includes the first seven nucleotides of exon 3.
Intron 3: size and sequence requirements
Intron 3 of GH1 is 92 nt in length, well above the approximately 50 nucleotide minimum intron length required for spliceosome assembly (33-38). Nevertheless, deletion analysis within intron 3 suggests that the exon skipping observed with deletions at least 12 nt long is due to decreasing the size of intron 3, rather than the actual sequences deleted. Intron 3 also contains a previously characterized ISE (6, 23) . Two families with IGHD II are heterozygous for mutations in this ISE: ISEm1 (IVS3 ϩ 28 G3 A) and ISEm2 (IVS3⌬28 -45) (14, 22) . In light of our findings that decreasing the size of intron 3 results in aberrant splicing, it is interesting to note that ISEm2, a 17-bp deletion, exhibits a greater percent of exon skipping (6) than ISEm1, a point mutation in the same region (Figs. 1D and 6 ). This suggests that the deletion mutant (a deletion larger than any of the mutations made in this study) causes aberrant splicing through two distinct mechanisms, both decreased intron size and disruption of an enhancer.
ESE2 regulates exon 3 inclusion
E3⌬5 is an in-frame, 15-nt deletion in exon 3 that showed increased exon skipping. Sequences in E3⌬5 are very purine rich and contain several overlapping SR protein binding sites, suggesting that they may contain a previously undiscovered ESE. Point mutations within this region resulted in aberrant splicing, and this sequence could also activate splicing in a heterologous setting, demonstrating that the sequences within E3⌬5 contain an ESE. As described above, an individual has been identified who is heterozygous for an A3 G transition within E3⌬5 and has normal GH secretion, but reduced height (K41R) (20) . The A731G construct led to approximately 20% exon skipping, the weakest aberrant splicing pattern observed in our analyses. In addition, Millar et al. (20) also found that in transfected cells, the A731G mutation exhibited reduced GH secretion and receptor activation and was associated with a low-expressing promotor haplotype. Furthermore, although this mutation was not found in a group of normal controls, strict dominant inheritance can be eliminated in this family because the A731G mutation was maternally inherited from a woman of normal stature (0.9 sd) (20) . Thus, this mutation seems to exert pleiotropic effects on height, a mutational mechanism that may be the norm rather than the exception in the genetics of stature. This is consistent with the finding that small amounts of exon skipping can apparently be tolerated because low levels of exon skipping are often observed in individuals of normal height ( Fig. 1 and Refs. 6 and 7). The lowest percent of exon 3 skipping that has been observed to date in a family with dominant GHD and reduced GH secretion is 45% from that allele (ESEm) (6, 21) . This suggests that increases in exon 3 skipping and the amount of the 17.5 kDa might have to reach a certain threshold to exhibit dominant effects on GH secretion. In addition, this agrees with the dose dependence of dominant-negative effects on GH secretion seen in rat somatotroph cells (MtT/S) (9) , suggesting that it is the ratio of the 17.5-kDa isoform to the 22-kDa GH isoform that is important in determining GH secretion. Observations in transgenic mice also support this hypothesis because mouse lines with high transgene numbers expressing the 17.5-kDa iso-FIG. 6. Allele-specific siRNA. A, siRNAs were designed to target the exon 2-exon 4 junction. B, GH constructs (wt, ESEm, and ISEm1) were transiently cotransfected with vectors expressing either siRNAs targeting the exon-skipped isoform (17.5-si) or control siRNAs containing a scrambled sequence (control-si). Total RNA was isolated followed by RT-PCR analysis of GH splicing products or actin (shown below). Products representing the FL isoform, activation of the cryptic splice site (cryptic), the exon 3 skipped isoform (skipped), or actin are indicated to the left.
form (⌬3 allele) exhibit almost undetectable amounts of GH in comparison with only reduced GH levels in the mice with low copy numbers (11) . The observable differences in GH levels are also reflected phenotypically because high copy number mice display a more severe phenotype and earlier age of onset. In light of these findings, it is interesting to note that patients with splice site mutations and greater amounts of the 17.5-kDa isoform appear to have more severe GHD and an earlier age of onset than do patients with the enhancer mutations and less 17.5-kDa isoform (21, 43).
Allele-specific RNAi
Current GH replacement therapy involves sc injections of recombinant GH through puberty (reviewed in Ref. 44) . As successful as this therapy has been in helping GHD patients attain more normal stature, such injections cannot replicate the normal, pulsatile pattern of GH secretion (45) . In addition, although GH replacement therapy is generally well tolerated, side effects still remain including insulin resistance, benign intracranial hypertension, slipped capital femoral epiphysis, prepubertal gynecomastia, arthralgia, edema, myalgia, headache, and hypertension (44, 46 -50) . Although these side effects can often be mitigated with individualized dose adjustment, novel methods to restore endogenous GH secretion could be more efficacious and safe. As such, therapies that specifically target the 17.5-kDa isoform could be useful in patients with IGHD II and GH1 splicing defects. To this end, we targeted the exon 3 skipped transcripts for degradation by designing siRNAs for the exon 2-exon 4 junction. In cultured GH3 cells, siRNAs delivered either as dsRNAs or using a plasmid expression system efficiently and specifically degraded the exon 3 skipped transcripts. Our results suggest that siRNAs could be designed to target dominant, aberrantly spliced isoforms or other dominant alleles for degradation, a new field of therapeutics (51) . Clinical use of siRNAs will require an effective and safe delivery system, one of many obstacles to their potential therapeutic use. IGHD II may be an ideal system in which to study the use of therapeutic siRNA because the pituitary is apparently not protected by the blood-brain barrier and may be reasonably accessible through its blood supply. In addition, delivery of even small amounts of the 17.5-si may prove efficacious because the 17.5-si is very effective at low concentrations (data not shown). Thus, delivery of even a small amount of siRNAs to the pituitary might possibly restore more normal GH secretion in IGHD II patients.
In conclusion, splicing of GH1 exon 3 is controlled by the complex interplay of at least three splicing enhancers in addition to normal splicing regulatory elements. Additional regulatory elements likely remain undefined in other regions of GH1 that could act combinatorially to ensure accurate splicing. Avoidance of aberrantly spliced exon-skipped transcripts encoding the 17.5-kDa isoform is critical to normal GH function and secretion. In patients with GHD due to splicing mutations, allele-specific siRNA could specifically and efficiently degrade exon 3 skipped transcripts, possibly providing a new therapeutic approach that, if successful, could potentially have broad therapeutic implications in other dominant disorders. 
